Abstract-Electrical Discharge/Spark Machining process is one of the advanced machining processes that can machine the various complex shapes from all conductor and semiconductor materials. Wide and diverse applications of spark micromachining process in microfabrication and micro to nano miniaturization tendency is promising application of spark nanomachining process in nanofabrication. Spark nanomachining process is a thermal machining process in which thermal energy produced by electric sparks is used for machining. Therefore, thermal modeling of the spark nanomachining process is very important for accurate understanding of the process and its better application in nanotechnology. In this study, thermal model of workpiece in the spark nanomachining process has been developed. The impact of variables of the spark nanomachining process on temperature distribution in the workpiece and dimensions of the machined nano-craters were analyzed.
I. INTRODUCTION
Electrical Discharge/Spark Machining process is one of the modern machining processes whereby different workpieces with various complicated geometric forms can be produced from a wide range of soft and hard as well as conductive and semi-conductive materials. In the electrical discharge machining process, resulting thermal energy from electrical spark is used to remove material from the workpiece surface. The amount of material removed from the workpiece surface depends on the consumed energy level in the spark. Therefore, decreasing consumed energy by each spark may lead to reduction of dimensions of the machined craters. Furthermore, the absence of any contiguity between tool and workpiece as well as lack of any mechanical force on tool and workpiece enables the application of very tiny tools to machine very small workpieces [1] .
Electrical discharge machining process, due to the unique benefits and inherent potentials, has found very successful applications in microfabrication. Rapid development of nanotechnology and need to using new methods, has led to a lot of attraction for application of the spark nanomachining process in nanofabrication.
As mentioned before, electrical discharge machining process is one of the thermal machining processes wherein thermal energy resulted from the electrical spark is used for material removal from the surface of the workpiece. Thus, thermal modeling of the spark nanomachining process can make more precise understanding of this process and lead to its better application in nanotechnology.
Several thermal models have been presented for electrical discharge machining process at macro and micro scale so far. Snoeys presented a thermal model for the electrical discharge machining process at macro scale [2] . In this model, a circular heat source and a semi-limited cylindrical space were assumed for heat transfer. The consumption energy per spark was assumed to be equally divided between the electrodes. Patel [3] and Dibitonto [4] , with the assumption of a point heat source for the cathode and a circular heat source for the anode, reported another thermal model for macro-scale electrical discharge machining process. These models are appropriate for the electrical discharge machining process with high pulse duration and high electric current. In addition, two other models have been proposed by Singh [5] and Leonid [6] for thermal modeling of the electrical discharge machining process at macro scale.
An analytical model based on electro-thermal theory was developed for electrical discharge machining process at micro scale by Yeo [7] . In this model, a uniform circular heat source was used to modeling distribution of the heat resulting from a single electric spark on the workpiece surface. Allen simulated the micro electrical discharge machining process by using numerical analysis method [8] . In this simulation, a Gaussian circular heat source was assumed and the temperature distribution on the surface of a molybdenum workpiece was modeled.
To author's knowledge, thermal model of the spark nanomachining process has not been reported so far. In this paper, distribution of the temperature resulting from the spark nanomachining process in the surface and depth of a gold nanofilm (as a workpiece) has been modeled based on the finite-volume method.
II. THERMAL MODEL OF SPARK NANOMACHINING PROCESS
As shown in (1), a 2D differential equation of heat transfer (along the radius and depth) in a cylindrical coordinate system was used to thermal model of the workpiece in the spark nanomachining process. Plasma channel of the spark nanomachining process acts as a heat source on the workpiece surface. Thus, a heat source with a radius equal to the radius of plasma channel has been assumed on the workpiece surface.
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where, k is the thermal conductivity, α is the heat penetration coefficient, ρ is the average density of workpiece and Cp is the average specific heat capacity.
A. Assumptions
The following assumptions have been considered in thermal modeling of the spark nanomachining process: 1) Heat source produced by the electric spark has been considered as a circle with time-dependent radius (equal to radius of the plasma channel). 2) Heat flux of the heat source has been considered uniformly because of the nano-second spark pulse duration and nano-meter radius of the heat source in spark nanomachining process. 3) Conduction is the sole way to heat transfer across the workpiece. 4) The part of workpiece which has reached the melting point (and higher) has been assumed as the removed material. 5) Consumed energy by a single spark and its effects has been studied. 6) The average of physical properties of the material has been used. 7) The difference between density of solid and liquid states has been underestimated. 8) It is supposed that a constant percentage of spark energy is taken in by the workpiece. 9) The workpiece material is assumed isotropic.
It is assumed that the workpiece is a gold nanofilm which is prepared by sputter coating on a silicon substrate. Table I indicates gold and silicon properties. Fig. 1 shows schematic form of nano-crater resulted from conduction of the spark nanomachining process on a gold nano-film, heat flux due to electrical spark and hypothetical boundary of the problem. Plasma channel of the spark nanomachining process is the source of heat generation and transmission to the workpiece surface. Hence, the radius of existing heat source on the nano-film surface has been considered equal to the radius of the plasma channel. Considering nanometric scale of the plasma channel radius and nanosecond scale of spark pulse duration in the spark nanomachining process [9] , heat flux distribution has been assumed uniform. Temperature in AB, BC and CD boundaries are taken equal to the environment temperature (300 k). Conditions of DA boundary during pulse on-time are as follows:
B. Boundary Conditions
In r > 2.5 R range, temperature has been considered constant and equal to environment temperature due to its long distant from the heat source and also its contact with a large volume of liquid dielectric. q(t) is heat flux distribution function which is calculated through (3). 
where, F is the percentage (18 %) of the total power which is transmitted into the workpiece [4] , V is the average of spark voltage (v), I is the average electric current of spark (A), R(t) is radius of heat source located on the workpiece surface (equal to the plasma channel radius) (m). Plasma channel radius of the Spark nanomachining process depends on time and is computed via (4) [9] .
( ) 0.8935 R t t  (4)
In this study, through solving the differential equation (1) using Finite Volume Method (FVM) by the Fluent 6.3 software, temperature distribution across the workpiece of spark nanomachining process has been modeled. For this purpose, workpieces are meshed with 10 nm × 10 nm elements. Conditions of the Spark nanomachining process experiments shown in Table II , which have been tested by [9] , were used to investigate impact of the process variables on temperature distribution in both surface and depth of the workpiece.
III. RESULTS AND DISCUSSION
Conditions of the spark nanomachining process that were practically used by [9] are shown in Table II . These conditions are used as inputs of the spark nanomachining thermal model. Temperature distribution caused by the spark nanomachining process in both surface and depth of the workpiece was modeled for various values of the process parameters. Fig. 2 shows results of the thermal modeling of workpiece during the spark nanomachining process for the condition mentioned in Table II . In this figure, temperature distribution of the workpiece (a 1 , a 2 , and a 3 ) , temperature changes along the radius (b 1 , b 2 , and b 3 ) and depth of the workpiece (c 1 , c 2 , and c 3 ) have been shown for experiments 1 to 3, respectively. According to the Fig. 2 , it is observed that more distance from the center of workpiece surface along the radius and depth results decrease in temperature.
Regarding Figs. 2-a 1 , 2-b 1 and 2-c 1 and considering the melting point of Au and Si, it is observed that the gold nanofilm is melted up to about 50-60 nm radius and 40-50 nm depth.
Figs. 2-a 2 , 2-b 2 , and 2-c 2 illustrate the results of thermal modeling for experiment 2. According to these figures, surface of the workpiece is melted up to about 170-190 nm radius. Gold nanofilm is completely melted along the depth. Additionally, about 10-20 nm of the silicon substrate is melted, as well.
Results of the thermal modeling for experiment 3 are shown in Figs. 2-a 3 , 2-b 3 and 2-c 3 . It is observed that the workpiece surface is melted up to radius of about 500-520 nm and besides the gold nanofilm, silicon substrate is melted up to about 100-110 nm in depth. It can be concluded that temperature of the surface and depth of workpiece in the spark location is dependent on the consumed power and spark pulse duration. So, the higher spark power results in higher temperature of the surface and depth of the workpiece. On the other hand with the shorter spark pulse duration, more opportunity will be provided for heat transfer and the final temperature of the workpiece will decreases. Therefore, the interaction between two mentioned factors determines the temperature distribution across the surface and depth of the workpiece.
IV. CONCLUSION
In this paper, finite volume based CFD method was used to offer a thermal model for the workpiece in the spark nanomachining process. Temperature distribution across both surface and depth of the workpiece for different values of the process parameters was modeled. Following results were obtained in this research: 1) Higher temperature is generated on the surface and in depth of the workpiece when the more power is consumed by the spark. On the other hand, at longer spark pulse duration, the more time is provided for heat transfer, so the final temperature of the workpiece is decreased. Therefore, interaction between two mentioned factors determines the temperature distribution across the surface and depth of the workpiece. 2) Increase in spark pulse duration increases radius of the heat source on the workpiece surface. Hence, more area of the workpiece surface is affected by the heat and more volume of the material reaches to the melting point. 
